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ABSTRACT 
A prototype method was developed utilizing recent advances in x-ray 
microfocus radiography and image processing to study the effects of ceramic tape 
casting variables on microstructure development. The system was designed to 
incorporate several advantages over traditional, ceramic characterization routes: 
(i) the system functions as an area detector (rather than a conventional point- or 
line-detector) providing rapid, statistical information on inhomogeneities in tape 
microstructures; (ii) it is capable of detecting small pores and surface pits on the 
order of 10 microns in size; (iii) it can also detect tape thickness variations on 
the order of 10 microns; (iv) it is capable of tracking these heterogeneities as a 
function of time and position throughout casting, debinding, and sintering; and 
(v) using standard equipment, it is amenable to scale up for quantitative process 
control and monitoring in an industrial setting. The prototype involved 
magnification radiography using a microfocus x-ray generator, digitization of the 
radiographs using a 14-bit CCD camera, and image processing of the digitized 
radiographs. Key parameters affecting image resolution were analyzed 
including: magnification, the presence or absence of fum cassettes, variations in 
film type, and the x-ray energy. The system was benchmarked in a study of the 
effects of particle size, tape thickness, and sintering temperature of alumina 
tapes. Optical and scanning electron microscopy were also performed to confirm 
the results of the radiography data. 
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1. INTRODUCTION 
Ceramic tape casting is critical to the electronics industry for producing a 
wide range of components such as piezoelectric actuators, MLC capacitors, heat 
sinks, and substrates for VLSI and LSI multi-layer microchips (Schwartz 1984; 
Nahass, Rhine et al. 1989; Mistler 1990; Rice, Enloe et al. 1992). Due to foreign 
competition and customer demands for higher quality components in recent 
years, there is an ever increasing need for more rigorous quality control of these 
components to detect and eliminate smaller and smaller defects. In addition, 
stringent regulations imposed by the Environmental Protection Agency in recent 
years concerning the use and disposal of hazardous chemicals, used in 
production of electronic components, has brought about a need for development 
of more environmentally friendly processing methods. In order to make an 
effective transition to these new processing methods while maintaining or 
increasing component speed, reliability, and other important factors, there also 
needs to be a more fundamental understanding of how defects in the 
components affect these properties. Therefore, there is a need for materials 
characterization both in process development and in fundamental research. 
This thesis concerns the development of one such method for ceramic tapes. 
1.1. Characterization of Ceramic Tapes 
Ceramic tapes are thin, flat sheets produced by a technique called doctor-
blading that will be described in Section 2.1 of this thesis. Because very small 
defects (- 10 J.lm and larger) in these tapes can cause failure of the finished 
component, it is important to detect these defects early on, before the part has a 
lot of value added. 
Traditional characterization methods for ceramic tapes can be divided 
2 
into three main categories: slurry characterization methods, characterization 
methods for green tapes, and characterization methods for sintered tapes. A 
detailed review of the tape casting literature was performed and is summarized 
in Table 1.1 which lists a number of techniques used to study ceramic tape 
slurries, green tapes, and sintered tapes. 
The results of this review indicate that the traditional characterization 
methods typically used provide a strong technical base for understanding some 
of the fundamental effects mentioned above. However, they do not reveal 
sufficient information on the time- and spatial-evolution of microstructure 
defects throughout the casting, debinding and sintering of the tape (Schilling et 
al. 1989). The reasons for this are that these traditional methods are invasive, 
destructive, and/or ex-situ (i.e., performed before or after but not during casting, 
drying, or debinding) in nature. For example, typically to correlate slurry 
parameters such as rheology and particle size distribution to measurements of 
green or sintered samples such as porosity and tensile strength, measurements 
are made during slurry preparation and after drying, but not during the casting 
or drying process. In addition, the properties measured tend to be volume-
averaged rather than location-specific. Finally, a number of the methods are 
slow and costly to perform. Therefore, using these methods it is difficult to 
monitor and sort the effects of different processing parameters on defect 
evolution throughout the various stages of manufacturing. Complicating this is 
the sheer number of processing parameters (e.g., properties of the starting 
powder, slurry chemistry variables, rheological properties, etc ... ) that can be 
adjusted to improve the quality of the part. 
As shown in Figure 1.1, the types of heterogeneities that can occur in 
ceramic tapes throughout the casting, drying, debinding, and sintering processes 
are quite diverse. In order to effectively sort out the effects of these defects, a 
number of different techniques are utilized at the various steps in the process. 
Each of these techniques has its benefits and limitations, as described above. 
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Table 1.1 - Review of traditional methods used during the tape casting process 
to characterize slurries, green tapes and sintered tapes. 
Processing Step Characterization Parameters Measured Against 
Method 
Binder/Plasticizer/Dispersant 
Viscosity Ratios 
pH 
Temperature 
Solids Loading 
Viscosity 
Additive Changes 
Slurry Characterization pH Solvent Changes 
Methods Zeta Potential 
Packing Density 
Polymer Adsorption 
Zeta Potential pH 
Additive Changes 
pH 
Solids Loading Viscosity 
Amount or Type of Additives 
IR Spectroscopy Powder Changes 
Additive or Solvent Changes 
pH 
Solids Loading of Slurry 
Green Density Powder Type(s) 
Drying Method 
Strength 
Additive or Solvent Changes 
Strength Powder Type(s) 
(Yield, Tensile, UTS, Solids Loading 
Green Tape Elastic Modulus, Green Density 
Characterization Methods Bending) Strain Rate 
Polished Surface 
SEM I Light Microscopy Fracture Surface 
Orientation of Particles 
Powder Type(~ 
Mercury Porosimetry Pore Size 
% of Open Porosity 
Compressibility Lamination 
Shrinkage Green vs. Sintered Size 
Aging of Green T~e 
TGA I DTA I DSC Weight Loss of Organics 
Exotherms, Endotherms 
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Table 1.1- Continued from previous page. 
Processing Step Characterization Method Parameters Measured 
Against 
Green Density 
Firing Temperature 
Fired Density Powder Type(s) 
Additive Type or Amount 
Millin~! Time 
Strain Rate 
Amount of Additive 
Tensile, Compressive, Sintering Temperature 
and Bend Strength Whisker Orientation 
Strain Rate 
Particle Orientation 
Sintered Tape Initiated Crack 
Characterization Methods Fracture Toughness Hardness 
Particle Orientation 
Fracture Surface 
Microscopy Particle Orientation 
Polished I Etched Surface 
X-Ray Diffraction Particle Orientation 
Chemical Properties 
Dielectric Properties Ceramic Type 
Firing Temperature 
TEM Particle Moruholof!Y 
Surface Roughness Particle Orientation 
Castinf! Parameters 
Shrinkage Green Size 
Critical Processing 
Parameters 
-Particle size and 
morphology 
- Particle surface forces 
- Slurry chemistry 
variables 
- Powder characteristics 
- Doctor blade settings 
- Rheological properties 
- Atmospheric conditions 
- Powder size and 
morphology 
- Sintering method, rate 
-Atmospheric conditions 
Processing Steps 
Powder 
Synthesis 
l 
~ 
Tape 
Casting 
Drying/ 
Binder Burnout 
Sintering 
Standard 
Characterization 
Techniques 
- BET surface analysis 
- Sedimentation 
-SEMITEM 
- Solids loading 
- pH, zeta potential 
-Viscosity 
- Process monitoring 
-Green density 
- Sample weight 
- Hg porosimetry 
- Microscopy 
-Strength 
- Microscopy 
-Density 
Microstructural 
Heterogeneities 
- Agglomerate Formation 
- Agglomerates 
- Entrapped air 
- Anisotropic packing 
-Particle segregation 
- Orientation artifacts 
- Warpage, cracks 
- Binder segregation 
-Cracks 
-Voids 
-Warpage 
Figure 1.1 - Schematic diagram of the processing - characterization method - microstructure relation. 
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In addition to traditional methods of characterizing ceramic tapes, there are also 
on-line inspection methods which are used to determine whether a given region 
of tape is used or rejected. These include visual inspections, surface microscopy 
using a grazing angle incandescent light, and thickness gauging using an x-ray 
source and a point detector, such as a solid-state germanium detector (Twiname 
1995). These methods each have their own limitation, but in general they do not 
allow for inspection of the small, critical internal defects that ceramic tapes can 
possess (e.g. bubbles, pores). For the most part, each method supplies only a 
limited amount of the information that is needed for a fundamental 
understanding of critical microstructure changes. 
A fundamental understanding of microstructure changes includes the 
ability to analyze the effects of: (i) surface-modifying additives such as binders 
and dispersants, (ii) interparticle interactions, (iii) solvent properties, (iv) 
equipment effects, and (v) post-casting processes. In order to understand how 
each of these affects the sintered microstructure of the tape, as well as the 
reliability of the finished component, we first must concentrate our efforts on 
development of a new characterization method. This technique must be able to 
meet a number of critical criteria, including: (i) a system which uses an area 
detector for inspection of statistically valid regions of a sample, (ii) the ability to 
detect gradual thickness changes of greater than 10 J.lm, (iii) the ability to detect 
pores as small as 10 J.lm, and (iv) it must be fast and accurate. 
1.2. Radiographic Characterization of Tapes 
To overcome some of the problems associated with traditional 
characterization methods, we have developed an x-ray microradiography 
imaging technique. Because the main objective of this work was to study the 
microstructures of ceramic tapes, microradiography was an ideal choice for a 
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characterization method because it is a projection technique that can detect very 
small defects (on the order of tens of microns). In addition, a unique aspect of 
this method is that the spatial resolution and contrast sensitivity can be 
enhanced when reducing the thickness of a ceramic tape. We took advantage of 
this feature to push the x-ray system to its inherent design limits which were 
not easily reached when studying thicker or more irregularly shaped samples. 
Using this method, we focused on gaining insight into processing-
microstructure relationships, specifically those concerning the evolution of 
porosity prior to and during drying, debinding, and sintering. In order to 
implement this technique, it was necessary to characterize the effect that the 
radiographic film had on image quality. Additionally, we needed to develop a 
consistent method of performing image processing on the radiographs that 
would allow for improved spatial resolution and contrast sensitivity. 
1.3. Goals and Objective of this Study 
There were three main objectives of this research: 
(1) The primary goal was to develop and benchmark a prototype 
characterization method which could meet the criteria set forth previously for 
analysis of ceramic tapes. This criteria included: (i) a system which uses an 
area detector for inspection of statistically valid regions of a sample, (ii) the 
ability to detect gradual thickness changes of greater than 10 J..lm, (iii) the ability 
to detect pores and surface pits as small as 10 J..lm, and (iu) it must be fast and 
accurate. In order to achieve these goals, it was necessary to develop a thorough 
fundamental understanding of the detector, the x-ray source, and the 
experimental setup in order to optimize each of these. We also wanted to take 
advantage of recent advances in digitization and image-processing of 
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radiographs to increase the level of sensitivity of the technique for both spatial 
and contrast resolution. 
(2) Having developed and benchmarked the system, we wanted to study 
the effects of changing the thickness and particle size on the microstructure 
evolution of alumina tapes. This included studying how defects, specifically 
surface pits and pores, in the green body evolved throughout the densification 
process. 
(3) The final objective was to show that this radiographic technique is a 
versatile and useful method to study and characterize changes in porosity, 
thickness, structure, or composition in many different types of systems, not just 
ceramic tapes. By developing the system in a manner that could be easily 
adapted to any number of experimental setups and material systems, we hoped 
to make this system one that would be useful for materials characterization, 
process development, or process control in any number of fields. 
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2. BACKGROUND 
2.1. Ceramic Tape Casting 
Tape casting is one of the primary methods of producing thin, flat ceramic 
sheets less than 40 mils thick. Ceramic tapes are produced by passing a doctor 
blade over a viscous ceramic slurry, depositing the thin slurry onto a substrate 
(Mistler 1990). The substrate is typically a glass sheet, a piece of smooth plastic, 
or a stainless steel sheet. The process of tape casting involves four major steps. 
These are slurry preparation, casting, drying, and sintering. Figure 2.1 shows a 
flowchart of a typical tape casting process. 
2.1.1. Slurry Preparation 
The first step in producing a slurry is combining the solvent and 
dispersant. The solvent is generally a non-aqueous, azeotropic mixture of 
liquids characterized by having a low surface tension and being easy to 
evaporate (Moreno 1992). More recently, due to problems associated with the 
toxicity of these solvents during evaporation, researchers have used water as a 
solvent (Schuetz, Khoury et al. 1987; Chartier and Bruneau 1993). However, 
because water has such a high surface tension (Mistler 1990), it is difficult to 
produce thin tapes (< 1 mil thick). The dispersant is typically a short chain 
polymer with a chemistry tailored to the specific powder and solvent being used 
(Horn 1990). 
Once the solvent and dispersant have been combined, the ceramic powder 
is added and this mixture is milled in a ball mill for 24-72 hours to remove 
agglomerates and to evenly disperse the powders. After the powders are evenly 
dispersed in the slurry, the milling medium is removed from the container and 
the binders, plasticizers, and other organic additives are mixed into the slurry 
by slow stirring. This is done gently to remove any entrapped air and to keep 
the long chains of the organic polymers from becoming degraded by milling 
10 
Ceramic Powder t---~----1 Dispersant 
' 
Solvent 
Mixing I Milling 
... Binder I Plasticizer 
" 
De-airing I Filtering 
J, 
Tape Casting 
Drying 
J, 
Stacking, Punching, Metallization 
! 
De binding 
J, 
Sintering 
Figure 2.1 - Schematic diagram outlining the major steps needed to form a 
ceramic tape. 
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media (Mistler, Shanefield et al. 1978). The purpose of binders is to impart 
strength to the tape when it is green, by creating a matrix to hold the ceramic 
powders in place. The plasticizer gives some flexibility to the binder by reducing 
the strength, thus making the green tape flexible. At this point, the slurry is a 
viscous suspension which shows shear-thinning behavior (Braun, Morris et al. 
1985). 
2.1.2. The Casting Process 
In commercial applications, a slurry is deaired by applying a slight 
vacuum and slow stirring to cause air bubbles to rise to the surface. It is next 
pumped through a filter directly into the hopper of the tape caster. This filtering 
process removes any additional agglomerates, trapped air bubbles, and debris 
accumulated from the milling process. Subsequently, the slurry is cast using the 
doctor blade technique, onto a carrier material. Figure 2.2 shows a schematic 
diagram of a tape caster, with the main parts labeled. 
After casting, the wet tape is allowed to dry slowly through evaporation of 
the solvent from the top surface of the tape (Williams 1976). Once the tape is 
dry, it is removed from the carrier backing, and is processed (cutting, punching, 
screening, and lamination operations are typical) and tested for defects (Blodgett 
and Barbour 1982; Burger and Weigel1983). 
2.1.3. Thermolysis and Sintering 
Thermolysis or burn-out is the process of slowly heating the tape to 
remove the organic additives from the green tape. The rate of binder removal 
has been the study of several researchers, principally Cima and Lewis, et al. 
(Cima, Lewis et al. 1989; Lewis and Cima 1990; Calvert and Cima 1990). In 
some cases, residual char can be left in the tape, producing undesired defects. 
Sintering theory has also been well documented and studied (Kingery, 
Bowen et al. 1976; Zheng and Reed 1989; Zheng and Reed 1992). One aspect 
Hopper 
Slurry 
/ Adjustable Doctor Blade 
Mylar Sheet"'. / Ceramic Tape 
Direction of Travel --------. 
Supply Roller Collection Roller 
Figure 2.2- Schematic drawing of a single-blade tape casting machine indicating the major components. 
1--' 
t\:1 
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affecting the sintering process is the concept of hierarchical porosity, where the 
arrangement of particles and agglomerates can change sintered densities, 
sintering rates, and tape microstructures (Aksay and Schilling 1984; Lange 
1984; Onoda and Toner 1986; Lange 1989). This concept will be explored 
further in Section 2.3. 
2.2. Processing-Microstructure Relationships 
Microstructural defects are introduced into tape-cast ceramics during all 
stages of processing. As shown in Figure 1.1, defects that show up in the fmal 
sintered part, may have originated in any of the previous steps. Such defects 
retained during sintering and post-sintering processing can severely impair the 
reliability of the finished part. For example, a powder agglomerate near the 
surface of a tape could end up causing a grain formed from this agglomerate to 
later pull-out and cause a wiring short. 
The distribution of ceramic particle sizes and type of powder used, the 
properties of the organic additives, and the type of solvent used can all affect the 
rheological properties of the pre-cast slurry (Lange 1989; Horn 1990). In turn, 
the slurry rheology influences the properties of the green tape and how the 
microstructure develops as the solvent evaporates. Examples of this would be 
the gravity-induced segregation of ceramic particles, a condition typical of 
dispersed systems, and non-homogenous microstructures due to particle 
agglomeration in flocculated systems. 
Larger-scale defects can also be introduced into tapes, such as bubbles or 
debris trapped in the slurry during the milling or mixing processes. When the 
tape is being cast, the physical settings on the doctor blade assembly can control 
the thickness of the tape, how uniform the thickness is, and the quality of the 
top and bottom surfaces. Both the microstructure and the defects can greatly 
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change the usefulness of the ceramic tape. This usefulness is therefore directly 
affected by the types of changes made in any aspect of the processing of the tape. 
2.3. Hierarchical Porosity 
Because the majority of today's commercially available powders are 
submicron in scale, interparticle forces play a major role in how the particles 
arrange themselves during processing. These small powders possess strong 
interparticle forces of van der Waals attraction in the dry state. These forces 
promote agglomeration of the powders which subsequently introduces porosity 
defects in the sintered part (Lange 1989; Hom 1990). These defects can be 
reduced or eliminated by counteracting these attractive forces with a repulsive 
component of interparticle force, typically introduced by the introduction of 
dispersants into the liquid suspending medium. Typical practice entails 
systematic alteration of the suspension chemistry (e.g., pH) in order to regulate 
the degree of this repulsion; in tum, this leads to changes in the so-called, 
hierarchical porosity within green microstructures (Aksay and Schilling 1984; 
Lange 1984; Onoda and Toner 1986; Lange 1989). 
As shown schematically in Figure 2.3, first-generation agglomerates 
consist of densely packed particles and are the primary building-blocks of 
hierarchical microstructures in green ceramics. First generation pores have the 
lowest pore-coordination number (i.e., the lowest number of particles 
surrounding a given pore) and are located within first-generation agglomerates. 
Second-generation agglomerates consist of aggregates of first-generation 
agglomerates. Second-generation pores are much larger than first-generation 
pores and are located between first-generation agglomerates. Similarly, third-
generation agglomerates would consist of aggregates of second-generation 
agglomerates, and so on. 
15 
Figure 2.3 - Schematic drawing indicating hierarchical packing of submicron 
powders into multiple-generation agglomerates. 
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Theoretical and experimental research on the solid-state sintering of 
ceramics indicates that sinterability is closely related to the packing structure in 
the green state (Aksay and Schilling 1984; Lange 1984; Onoda and Toner 1986; 
Lange 1989). It is understood that pores having the lowest coordination-number 
will densify at the lowest sintering temperatures. This implies that ceramic 
green bodies with fewer third- and higher generation agglomerates will densify 
at lower sintering temperatures and more quickly than green ceramics with a 
large number of third- and higher generation agglomerates. In addition, there is 
a critical pore-coordination number which is controlled by the chemistry of the 
powder and the atmosphere of the sintering furnace, above which pore growth 
occurs during sintering. This is shown schematically in Figure 2.4. 
2.4. Review of X-Ray and Image Analysis Methods 
There have been many excellent papers recently on NDE of ceramics. 
Two of the review papers on the topic include an overview of NDE for ceramics 
by Goebbels (1987) and a report presented in the Ceramic Industry journal 
detailing the use of NDE for complex ceramic geometries (anonymous, 1988). 
Both of these papers cover several types of nondestructive inspection systems. 
In addition, there have been two conference proceedings published on NDE of 
ceramics (1987, 1990). Although it is not the purpose of this thesis to do a 
detailed review of these, it is important to highlight a few of the relevant papers 
which deal with film radiography of ceramics. 
A comparison between radiography and ultrasonic techniques by Amin 
(1995) and Baaklini (1988) indicate that radiography can detect high contrast 
flaws such a large voids and inclusions, and it has a higher signal to noise ratio 
than ultrasonics for certain cases, such as green ceramic compacts. Baaklini 
(1988) indicates that his contrast sensitivity limit of detection was 2.3% for voids 
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Figure 2.4 - Schematic diagram of the pore stability region for a typical oxide 
powder. The relationship between radius of a circumscribed sphere around a 
pore surrounded by grains (r) and the radius of curvature of the pore surfaces (p) 
is indicated (Kingery, Bowen et al. 1976). 
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using 2. 72 mm thick bars of SiC. Amin (1995) noted that he was able to detect 
voids smaller than 20 Jlm in diameter. 
Shaw and Edirisinghe (1993) performed a study on the evolution of binder 
induced defects in ceramic cakes as a function of sintering time and 
temperature. They were interested in the evolution of macroscopic pores (> 1 
mm) for this study and found that they could track pore morphology changes as 
a function of firing temperature using radiography. This was then correlated to 
models simulating defect evolution during binder pyrolysis. 
A study by Maisl et al. (1990) on microfocus radiography of silicon nitride 
turbine blades showed that they could resolve defects between 50 and 500 Jlm, 
depending on the flaw orientation and the complexity of the region. They used a 
microfocus x-ray generator at high magnifications and low kilovoltages to 
increase spatial resolution and contrast sensitivity. This led to the 
implementation of a lower resolution detector such as an image intensifier, 
instead of film, to save inspection time, while maintaining submillimeter 
resolution. 
Perhaps the most interesting paper that has been found was by Berger 
and Kupperman (1985) in their study of the microstructural evolution of 
structural ceramics from the green state to the sintered state. They used a 
microfocus source and magnification to detect pores on the size of 20-100J.1m and 
noted that they could detect changes in packing density in their green cakes. 
This was one of the first studies to use microfocus radiography for the 
characterization of submillimeter pores in ceramics. 
Only a few papers were found pertaining to NDE of ceramic tapes. A 
paper by Buckingham and Cigler (1990) shows an image processing system to 
automatically detect defects in insulating ceramic substrates. This method used 
direct imaging of the top surface of the substrate with a CCD camera using 
incandescent light to systematically scan for surface pits larger than 50 Jlm in 
diameter in an automated setup. The pixel size used for this work was 50 Jlm 
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per pixel. A second paper (Amin and Leo 1987) shows how the detectability of 
small flaws imbedded into ceramic tiles changes as a function of the tile 
thickness, the flaw material (i.e., void, tungsten, iron, etc ... ), and the flaw size. 
A number of other papers have been reviewed that fit into the scope of 
this work. The most significant was an article in the paper industry literature 
detailing a comparison between different methods of nondestructively 
determining the texture of paper (Tomimasu, Kim et al. 1991). This work 
compared two imaging methods; x-ray transmission and electrography 
(photographic imaging with an electron beam), by recording the results on the 
same type of film. The authors showed that electrography gave the best contrast 
and good spatial resolution, while soft x-radiography gave the best spatial 
resolution but poor contrast. Farrington (1988) used low energy x-rays and 
image analysis to study the changes in paper fiber orientation with different 
processing parameters. He found that he could detect some of the larger 
changes using radiography. 
2.5. X-ray Radiography 
2.5.1. Film Radiography 
Radiography is a technique where an area detector such as film is used to 
produce an image of a sample. Contrast differences in the radiograph 
correspond to differences in either the overall sample thickness or a change in 
the type of material being imaged. Film used for x-ray analysis is produced so 
that when an x-ray strikes the film, after processing, the film darkens at a rate 
related to the number and energy of the x-rays that strike it (Stade 1989). The 
film consists of three separate regions: a flexible plastic backing, an emulsion of 
film grains, and a thin protective coating on top. The film grains are typically 
made up of silver bromide. As the incident x-ray passes into the film, it strikes a 
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film grain and activates it by ionizing the silver. If the energy of the x-ray is 
high enough, a secondary electron or another x-ray can be produced in the 
interaction. These can interact with adjacent grains in the film, activ~ting them 
and producing film undercut (Aljundi 1994). The amount or radius of activation 
is related to the amount of energy deposited in the film producing a "colored 
noise" response (Halmshaw 1982). Figure 2.5 shows a schematic drawing of the 
photon/film interaction process. 
2.5.2. Unsharpness Effects 
Radiographic unsharpness is an effect causing sharp changes in sample 
thickness to appear blurred on the film (Halmshaw 1955). The four major 
unsharpness effects are: geometric unsharpness, screen unsharpness, movement 
unsharpness, and inherent unsharpness. In addition to these effects, there is 
also unsharpness due to photon scattering in the object and the environment. 
The only type of unsharpness which severely affected this thesis was that of 
geometric unsharpness. 
2.5.2.1. Geometric Unsharnness 
Geometric unsharpness is produced when magnification radiography is 
performed. The source of the unsharpness, or blurring, is the penumbral effect 
of having a source with a finite size, rather than being a point. Different 
geometries have different blurring effects are shown in Figure 2.6. Geometric 
unsharpness can be calculated with the following expression (Halmshaw 1982): 
(2.1) 
where U8 is the geometric unsharpness, Fis the size of the x-ray source, tis the 
sample to detector distance, and Do is the source to sample distance, as 
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Figure 2.5 - Diagram showing the interaction between an x-ray and the fum 
grains. Note that the higher the energy of the incident photon, the wider the 
radius of interaction will be. 
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Figure 2.6- Effects of various x-ray source geometries: (a) ideal setup, (b) finite source with large penumbral 
blurring, (c) finite source with low magnification produces less blurring, (d) finite source placed far from film 
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illustrated in Figure 2. 7. 
When trying to observe features which are approximately the same size as 
the source, the blurring effect becomes more pronounced. As shown in Figure 
2.8, this factor worsens as you begin to look at a number of small features that 
are in close proximity to one another, such as packed ceramic particles. In this 
case, if the spot size of the source is large enough, it can cause these features to 
effectively merge together into one larger feature. 
2.5.3. Image Resolution 
The resolution of an image on the x-ray film can be broken down into 
spatial resolution and contrast sensitivity. Each of these is a controlling factor 
in determining the smallest detail that can be distinguished from the 
background. 
2.5.3.1. Spatial Resolution 
Spatial resolution can be defined as the diameter of the smallest feature 
on a sample which can be distinguished from the background noise. This factor 
is controlled by the spot size of the x-ray generator, the magnification of the 
image, and the speed of the film (i.e.- the film grain size) (Halmshaw 1982). 
One can see from Equation 2.1 that as the geometric magnification of the 
image increases, the geometric unsharpness also increases. When imaging 
features with a diameter near that of the x-ray spot, a high magnification will 
quickly reduce the ability to distinguish the edge of a feature from the 
background. This is because there is some difficulty in determining where the 
background ends and the flaw begins. The type of x-ray film used also has an 
effect on spatial resolution, since the larger the fum grain size, the less 
information can be stored in a unit area of fum. This means that less film 
grains will be used to indicate the shape of the flaw. 
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Figure 2. 7 - Illustration of Equation 2.1, indicating the effect of blurring that a 
finite source size has on magnification radiography. 
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Figure 2.8 - Blurring effects in a magnification radiograph due to multiple 
small objects which are in close proximity to one another, as in the case of 
ceramic particle packing. 
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2.5.3.2. Contrast Sensitivity 
Contrast sensitivity is the ability to distinguish small changes in sample 
thickness on the x-ray film. Typically, a 5% thickness change can be detected 
without extensive preparation or post-processing of the x-ray (Amin and Leo 
1987; Amin 1990). However, contrast sensitivities of less than 0.1% have been 
reported for radiography (Gray 1995). Factors controlling the contrast in a 
radiograph include the difference in the attenuation coefficients between the 
sample and the flaw, the kilovoltage setting on the x-ray generator, and the 
characteristic response of the x-ray film. 
Every material attenuates x-rays differently. This attenuation is related 
to several factors including the atomic number of the atoms in the material, the 
density of the material, and the kilovoltage of the incident x-rays. Therefore, 
the amount ofx-rays passing through a material of a given thickness in relation 
to the number of incident x-rays is calculated with the Beer-Lambert relation: 
(2.2) 
where I is the transmitted x-ray flux, Io is the incident x-ray flux, J.L(E) is the 
linear attenuation at a given x-ray energy (E), and X is the thickness of the part. 
A function describing the contrast difference between the regions of a sample 
with and without a flaw can be written as: 
Contrast= fn( Im- lr) (2.3) 
where Im is the transmitted x-ray flux through the matrix and It is the x-ray flux 
through the region of the sample with the flaw (see Figure 2.9). We can also 
define the minimum detectable contrast difference as: 
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Figure 2.9 - Schematic diagram indicating the effect of x-ray attenuation as 
material thickness changes. 
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(2.4) 
where Mmin is the minimum detectable contrast of x-ray flux and can be 
approximately related to the signal-to-noise ratio. From this, we can show the 
minimum detectable flaw size is: 
(2.5 a,b) 
I =I ·e(- J.L,E ·(X,- X1 ) + J.L,(E)· X1 ) 
I " 
where J.Lm(E) is the attenuation of the matrix at a given energy, Xm is the sample 
thickness, J.Lt{E) is the attenuation of the flaw at a given energy, and X, is the 
flaw thickness. From this, we can show that: 
(2.6 a) 
(2.6b) 
(2.6 c) 
This leads to the following relationship: 
(2.7 a) 
where '¥ is a constant related to the thickness and attenuation of a gtven 
material. We can simplify Equation 2.7 even further by assuming the flaw to be 
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a void. In this case fJr-0, so: 
(2.7b) 
This equation states that for any given J.1m(E), Xt is the mrmmum 
detectable flaw size. Therefore, in order to increase the contrast sensitivity for 
detection of voids, a matrix material with a higher attenuation is necessary. In 
addition, because J.1(E) is an energy dependent term, changing the energy 
distribution of the incident x-ray beam will also change the minimum detectable 
flaw size. This can be accomplished by setting the maximum kilovoltage of the 
x-ray generator at a lower maximum value, where the attenuation of a material 
is higher. 
The other maJOr factor in determining the contrast sensitivity in a 
radiograph is the characteristic response of the film (i.e.- the film gradient). A 
large gradient allows for a small change in thickness to be recorded as a 
significant density difference in the film (Halmshaw 1982). However, there is a 
trade-off between contrast, image crispness, and the dynamic range of the 
detection source. As the contrast increases, the line between a feature boundary 
and the background becomes less defined. 
2.5.4. Microfocus Radiography of Granular Media 
In order to maximize the information obtained by microfocus radiography 
of ceramic tapes, we need to have a good understanding of the x-ray film 
response. For an ideal system (e.g.- no film or geometric unsharpness effects), 
the response will be affected by three primary factors: (i) the ratio of the total 
thickness of the tape to the powder (or agglomerate) diameter, (ii) the 
morphology of the powder, and (iii) the amount of detectable porosity. 
Consider an ideal tape made up of monosized spheres with ordered close 
packing. We first look at the response of the x-ray film as a function of the 
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number of layers of spheres. With only a few layers of packed spheres, the film 
will exhibit some "rippling" response, even with no defects in the packing 
structure, as shown in Figure 2.10(a). As the number of layers increases, this 
"rippling'' will begin to average out, as shown in Figure 2.10(b). If we now 
consider a defect in the lattice structure (i.e.- a void or small inclusion}, we find 
an anomalous response in the film density, as shown in Figure 2.10(c). 
Now, if we consider a system with a distribution of particle sizes, non-
ideal or hierarchical packing (i.e.- a distribution of pore sizes) we begin to see 
that there will be a unique response pattern in the x-ray film. One such factor 
that we consider in detail is the phenomenon of"pore stacking''. 
2.5.4.1. Pore Stacking 
Since radiography is a projection technique, the depth of a pore in the 
ceramic tape is not easily obtained. This lack of positional information can also 
lead to the integration of several features into a single peak on the line scan of 
the film. As shown in the schematic diagram in Figure 2.11, the cross-section of 
a ceramic tape can have isolated pores at various depths in the tape. If these 
pores are lined up on top of each other, radiography will record these as one 
elongated pore on the x-ray film. This is a phenomenon we have termed "pore 
stacking". 
Film 
Density 
(a) 
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(b) (c) 
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Figure 2.10- Schematic diagram showing the effects of packing structure on x-ray fum response. Image (a) 
shows the response for few layers of packing, (b) shows the effect of many layers of packing, and (c) shows the 
effect of a pore added into the packing structure. 
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No Stacking Stacked Pores 
Position 
Figure 2.11 - Schema tic diagram showing the effects of "pore stacking''. Notice 
that the regions of pore overlap have a dramatic increase in film density. 
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3. EXPERIMENTAL PROCEDURE 
3.1. Experimental Approach 
We developed a new method utilizing recent advances in microfocus 
radiography (Sharpe 1985) coupled with image processing to study the effects of 
ceramic tape casting variables on microstructure development throughout 
casting and sintering. We set up a matrix of three parameters to study, which 
included tape thickness, particle size, and firing temperature. 
Various types of processing additives were evaluated in the initial phase 
of the work to achieve flexible alumina tapes with high green densities. Once an 
optimum dispersant and binder system were selected, tape casting of these 
suspensions was performed on a laboratory scale doctor blade assembly. 
Parameters affecting the microfocus radiography were evaluated by 
characterizing the effects of magnification, film holders, film type, and x-ray 
energy. Radiographs were taken on five different tapes with three types of a-
alumina powders; a commercially cast tape with an average particle size of 0.1 
J.lm, tapes that were cast in-house having an average particle size of 0.4 J.lm, and 
tapes that were cast in-house having an average particle size of 25 J.lm. Tapes 
that were cast in-house were prepared at thicknesses of 200 J.lm and 1000 J.lm. 
The commercially cast, green tape had a thickness of 800 J.lm. Radiographs were 
taken of green and fully sintered tapes. A matrix of the different variables used 
is shown in Table 3.1. 
To confirm the results of the radiography data, optical microscopy was 
performed on the top and bottom surfaces of each tape to determine surface 
roughness. Scanning electron microscopy (SEM) was also performed on cut and 
polished cross-sections of tapes that were both partially sintered and fully dense 
in order to search for correlations with radiography data. This procedure was 
followed for all combinations of powder size and tape thickness to confirm the 
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Table 3.1 - Experimental matrix used to evaluate the effects of vanous 
processing changes on the microstructure of ceramic tapes. 
Average Particle Size 
Tape 0.1 J.Lm 0.4 J.lm 25 J.lm 
Thickness 
200 J.lm X Green, 1550°C Green, 1550°C 
800 J.lm Green X X 
1000 J.Lm X Green, 1550°C Green, 1550°C 
x- No work performed using this configuration. 
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results of radiography. Finally, the radiographs were digitized and image 
processing was performed to determine the pore size distribution for each 
condition in the experimental matrix. 
3.2. Ceramic Tape Casting 
Because we were interested in developing environmentally friendly 
slurries, we concentrated on producing tapes that use an aqueous solvent and an 
acrylic emulsion dispersant and binder system specifically tailored for alumina 
powders. Alumina powder was chosen because it is a common type of ceramic 
used in industrial tapes for microelectronic packaging (Schwartz 1984; Sheppard 
1991). 
Three types of a-alumina powder were used in this study: (i) Premalox 10 
(Alcoa Inc., Bauxite, AK), a powder having an 0.1 micron mean particle 
diameter; (ii) A-16SG (Alcoa Inc., Bauxite, AK) with an 0.4 micron mean particle 
diameter; and (iii) a tabular alumina, T-64 (Alcoa Inc., Bauxite, AK), with a 
mean particle diameter of 25 microns. All three powders were used as shipped 
with no modification of the manufacturer's particle size distribution. 
3.2.1. Slurry Preparation 
The slurries for the ceramic tapes were produced using a formulation 
supplied by the additive vendor (Wu 1994). Solid loadings were 57.3 vol% 
solids. The dispersant used was Duramax D-3005 (Rohm and Haas Corp., 
Spring House, PA) and the binder used was a latex emulsion with the 
designation B-1000 (Rohm and Haas, Spring House, PA). Table 3.2 shows the 
mixture used to cast the tapes. The amount of dispersant used was 0.1 weight 
percent and the amount of binder used was 7 weight percent of the alumina 
powder weight. In order to reduce the amount of entrapped air, an additional24 
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Table 3.2 - Slurry formulation used with the Rohm and Haas dispersant and 
binder system. 
Step Procedure Comments 
Combine D-3005 and 
distilled H20 in a 4.29 g D-3005 
1 beaker. Mix together 84.17 g Distilled H20 
for 20 minutes. 
Place contents in a 
2 milling jar with 500 g Alumina Powder 
ceramic powder and 200 g Milling Media 
milling media. 
Mill mixture for 24-36 
3 hours. Remove milling 47.65 g B-1000 
media and add B-1000. 
Mix for 1 hour. 
Pour slurry into a 500 Cover used to reduce 
4 mL beaker, cover, and evaporation. If slurry 
stir slowly using a stir is too fluid, allow some 
bar for 24 hours. liquid to evaporate. 
5 Make viscosity and 
density measurements. 
Set doctor blade height 
6 and casting speed on 
tape caster. 
Pour slurry into Maintain a constant 
7 hopper. reservoir height. 
I:::== 
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hours of slow mixing was performed with a magnetic stirrer immediately prior to 
casting. 
3.2.2. Rheological Measurements 
Viscosities of the slurries were measured using an automated cone-and-
plate rheometer (Physica, Japan). Temperature of the slurries was maintained 
at room temperature during this process. 
Rheological measurements indicate that the slurry had a shear-thinning 
behavior, a condition necessary to achieve uniform tapes with minimal thickness 
variations. The results of these measurements are shown in Figure 3.1 for one 
slurry configuration, which was a typical result of viscosity measurements. The 
powder used in this slurry was A-16 SG alumina. In general, slurries had 
viscosities between 0.1 and 1 poise at shear rates of 40 s·1 to 600 s·1• 
3.2.3. Tape Casting 
Tapes were cast usmg a single doctor blade (TTC-1000, Richard E. 
Mistler, Inc., Morrisville, PA) assembly onto a sheet of Mylar. This was a 
moving substrate caster. Two heights were set for the casting process: 10 mils 
and 50 mils, these values being set by the twin micrometer dials on the blade 
assembly. The casting procedure involved moving the substrate at 1.8 inls, 
pouring the slurry into the hopper and maintaining the height in the hopper at 
approximately 0.5 inches. This was done in order to maintain a near-constant 
pressure head and to reduce variations in thickness that a change in reservoir 
height can create (Chou, Ko, et al. 1987). Once the tape was cast, it was left in 
place on the substrate and allowed to dry by natural evaporation for 
approximately 24 to 48 hours. Tapes were subsequently peeled from the Mylar 
substrate and stored in plastic bags. 
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Figure 3.1 -Viscosity of slurry used in this study as a function of shear rate, for an aqueous alumina slurry 
using a latex emulsion binder system. This slurry had a 57.3 vol% solids loading. 
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3.2.3.1. Green Density Measurements 
The densities of the dried green tapes were measured by carefully cutting 
several samples (>10 in all cases) into square or rectangular shapes of ..... 4 cm2 in 
area from the center of the tape using a razor blade and a straight edge. Several 
measurements of the length, width, and thickness of each sample were made 
with calipers, and the results were averaged. For calculation of area, we 
assumed a rectangular parallelepiped shape. The tape was then weighed on a 
precision balance (Sartorius A200S, Bohemia, NY) and the density was 
calculated. 
3.2.4. Sample Selection for Radiography 
For each tape to be analyzed by radiography, three samples were taken 
from different regions. Samples were selected from the center of a given tape to 
reduce the chance of any edge effects such as edge cracks or thickness changes. 
In addition, samples with large bubbles (> 1mm) or cracks were also discarded. 
Samples were cut from the tapes using a razor blade and a straight edge. The 
sample size was approximately Y2 inch by 1 inch. A notch was cut from one 
corner of the sample for registry purposes. Figure 3.2 shows a schematic of how 
samples were taken from the tapes. Samples are labeled as A, B, and C. A 
coordinate system is also shown in Figure 3.4 defming the ''X'' direction as the 
casting direction, the "Y" direction as the direction perpendicular to casting, and 
the "Z" direction indicating the tape thickness. 
3.2.5. Pyrolysis and Sintering 
After radiography was performed on the green samples (see Section 3.3), 
the tapes were placed in an air furnace (Lindburg Model51644, Watertown, WI) 
where the additives were burned out and the tapes sintered. The schedule used 
for these tapes was a temperature ramp from 100°C to 600°C at 5 oc per minute. 
The samples were held at 600°C for one hour to ensure that all of the binder 
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6 inch es 
Figure 3.2 -Regions on a given tape where samples for radiographic analysis 
and density measurements were taken. Samples are labeled as A, B, and C and 
we a lso define the coordinate system to be used later in this thesis. 
41 
pyrolyzed. The tapes were then heated at 10°C per minute to either 1100°C to 
achieve partial sintering or to 1550°C where they reached near full density. In 
both cases, the tapes were held at the maximum temperature for 3 hours. The 
samples were then cooled back to room temperature at the maximum cooling 
rate of the furnace (-10-15°C per minute). 
3.2.5.1. Sintered Density Measurements 
Measurements of the tape density were taken after sintering using the 
Archimedes immersion technique. In all cases, the dry mass, the saturated 
mass, and the saturated-suspended mass were measured to determine both the 
apparent and bulk densities for the tapes (Jones and Berard 1993). Between 10 
and 15 samples were averaged in all cases to obtain a density measurement. 
Density measurements of the green, partially sintered (1100°C), and fully 
sintered (1550°C) tapes indicate that the average porosity of the tapes decreased 
during the sintering process as a function of particle size (Figure 3.3). The T-64 
. powder tapes (25 J.lm average particle size) had a green density of 60±1.3% , a 
partially sintered density of 60±1.6%, and a fully sintered density of 76±1.3%. 
The A-16 powder tapes (0.4 J.lm average particle size) had a green density of 
55±1.2%, a partially sintered density of 58±0.8%, and a fully sintered density of 
92±0.7%. The P-10 powder tapes (0.1 J.lm average particle size) had a green 
density of 58±1.2%, a partially sintered density of 69±1.2%, and a fully sintered 
density of 96±1.6%. As expected, the densities of the fully sintered tapes 
increased with decreasing particle size. It was also no surprise to observe that: 
(i) we did not note a detectable change in the density of the T-64 powder tape 
when passing from the green- to the partially-sintered state, and (ii) much 
greater, relative increases in density were observed between the green- and 
partially sintered states as the average particle size decreased. 
P-10 Tapes (0.1 micron) 
Figure 3.3 - Mean bulk density of the ceramic tapes used in this study as measured by the Archimedes method. 
~ 
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3.2.6. Microscopy of Sample Tapes 
To compare the results of the radiography measurements with a standard 
technique, optical and scanning electron microscopy were chosen. 
Optical microscopy was performed (BH2-UMA, Olympus, Japan) on the 
top and bottom surfaces of sintered samples for each particle size used. This 
procedure was performed in order to determine surface roughness and to see if 
any detectable through-porosity or surface breaking bubbles were apparent and 
could be correlated to results of the radiography. This was accomplished by 
shining a collimated beam of incandescent light at a grazing angle to highlight 
changes in topology, as shown in Figure 3.4. 
SEM was performed (JSM-6100, JEOL, Peabody, MA) on partially 
sintered and fully dense cross-sections of the five different particle size and 
thickness tapes. This was done in order to establish the presence of any 
hierarchical porosity or gross defects, to determine the effect of particle size and 
tape thickness on packing structure, and to establish the differences between 
the interior and surfaces of the tapes. Samples were prepared by cutting with a 
diamond saw, mounting in epoxy, and finally polishing with a fine diamond grit. 
Prior to SEM, sample surfaces were sputter coated with gold. 
3.3. X-Ray Microfocus Radiography 
A schematic drawing of the apparatus used to perform the x-ray 
radiography is shown in Figure 3.5. The application of this technique for 
characterization of ceramic materials has been well discussed in the literature 
(see Section 2.4). However, the radiographic technique we developed differs 
from traditional techniques in three key ways. 
First, to observe features in the tapes which were 5-10 microns in 
diameter, it was necessary to have an x-ray generator with a spot size of that 
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Figure 3.4 - Schematic diagram of the experimental setup used for optical 
microscopy of top and bottom surfaces of the ceramic tape samples. 
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Sam le Holder 
Figure 3.5 - Schematic diagram depicting the setup used to take the microfocus 
radiographs. The box surrounding the apparatus is the isolation room needed to 
shield both x-rays and visible light. 
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same diameter. When performing geometric magnification of samples, the size 
of the x-ray spot determines the ultimate spatial resolution attainable. We used 
a microfocus x-ray generator (FXT-200.5, Feinfocus, Germany) with a spot size 
of approximately 5-10 microns in diameter. 
Second, we were using a bremsstrahlung x-ray beam with a maximum 
kilovoltage setting of 30 kV. In tum, this allowed us to increase the sensitivity 
of detecting small thickness changes in alumina tapes, because it takes 
advantage of the higher degree of attenuation that occurs in all materials at 
lower energies. An additional advantage of using low energy x-rays is that the 
colored noise pattern in the x-ray film was much less with the lower x-ray 
energies. 
Finally, we increased the resolution by using fine-grained, slow x-ray 
films (M-5 and DR-1, Kodak, Rochester, NY) with no film holder. Although 
exact film grain size distributions were not available from the manufacturer, the 
sizes were known to be approximately 0.5 to 1.5 microns in diameter based on 
independent measurements in our lab (Gray, 1995). The small film grains 
increased the spatial resolution which was attainable, as well as reducing the 
effect of colored noise (Halmshaw, 1982). The removal of the film holder 
increased the sensitivity of the film by removing the pattern produced by the 
paper fibers in the cardboard and the rough surface in the plastic holder. 
Removing the film holder also reduced the attenuation of the transmitted x-rays. 
In order to perform this type of radiography, the x-ray vault where the 
microfocus generator was housed needed to be shielded from visible light while 
the exposure was taking place, since x-ray film is sensitive to visible light. 
Therefore, we were careful to remove all sources of light during the exposure 
period. 
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3.3.1. Effects of Kilovoltage 
We showed that low kilovoltage x-rays have a greater contrast sensitivity 
than high kilovoltage x-rays (Section 2.5.3.2). This effect was briefly studied to 
confirm what the actual effect on image contrast sensitivity would be. The 
results (Figure 3.6) on one region of a ceramic tape indicate that the lower 
energy x-ray spectrum is more sensitive to the small, low contrast 
microstructural features, while the high energy spectrum has a lesser ability to 
image these low contrast features. However, the drawback of using lower 
energy x-rays is that the time it takes to expose a piece of film to the same 
optical density is much higher. In this work, we found that it was necessary to 
use x-rays with a maximum of 30 kV to obtain the high contrast which was 
necessary to image the smallest possible pores (e.g.- less than 5% of the tape 
thickness or -5-10 Jlm diameter, which is the pixel size used in this work). 
3.3.2. Effects of Film Cartridges 
The effect of the x-ray film holder on image quality was noted early in the 
experimental work and the effect was characterized by taking radiographs using 
a cardboard film holder, a plastic film holder, and bare film under the same 
conditions. The kilovoltage was set at 30 kV, the beam current was set at 255 
J.LA, and the film density was 3.0 for all cases. These films were studied both as 
blank exposures and with regard to how they affected the image of a ceramic 
tape. These films were digitized and analyzed using the technique that will be 
described in Section 3.4. 
It was found that both plastic and cardboard film cassettes, which are 
commonly used in commercial and research radiography, caused a dramatic 
decline in the sensitivity of the images of the ceramic tapes, in addition to 
creating a characteristic pattern on the film. In order to quantify these effects 
without having to interpret the response of a sample, radiographs of a cardboard 
cassette, a plastic cassette, and bare film were taken without a sample present. 
• 
• 
• 
-
(a) (b) 
Figure 3.6 -A comparison of the same region of a ceramic tape made at: (a) a maximum kilovoltage setting of 30 
kV and (b) a maximum kilovoltage setting of 90 kV. Notice that the small pores (-50 Jlm) visible in the 30 kV 
image disappear in the 90 kV image. Scale markers indicate 200 Jlm. 
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Results, as indicated in Figure 3. 7, showed that for the low kilovoltage x-rays 
(30 kV), there was a pattern produced on the film which corresponded to a 
characteristic pattern in the film holder. This pattern repeated on different 
films and changed only when the cassette was changed. In the image with the 
cardboard film holder, the pattern created by the paper fibers produced a large 
mottling effect. In the case of the plastic holder, a large number of white "dots" 
appeared, due to the surface texturing of the holder. Because of these results, 
all of the subsequent radiography carried out was performed on bare fum with 
no fum holder. 
3.3.3. Characterization of the Effects of Film Type 
The effect of the type of fum on image quality was also apparent early in 
the work. A comparison between a number of different films was performed 
using the same technique as described above, with the kilovoltage being set at 
30 kV, the beam current set at 255 J.LA, and the film density at 3.0. The types of 
films that were compared included DR-1, M-5, AA-1, DEF-5 (Kodak, Rochester, 
NY), and D-7 (Agfa, Belgium). These films were digitized and analyzed using 
the technique that will be described in Sections 3.4 and 3.5. 
As discussed in Section 2.5.1, the speed differences in the x-ray films are 
the result of the size and packing of the silver halide grains suspended in the 
film emulsion. A study of the film type as a function of the degree (size) of 
mottle, when thresholded at the same value, was performed. Images were 
analyzed at digitization settings of 11 J..Lm per pixel and 121 J..Lm per pixel in 
order to characterize fum at both high and low magnifications. Greyscale 
images of a sample of each film are shown in Figures 3.8 (11 J..Lm per pixel) and 
3.11 (121 J..Lm per pixel). Thresholded images of these are shown in Figures 3.9 
(11 J..Lm per pixel) and 3.12 (121 J..Lm per pixel). Figures 3.10 (11 J..Lm per pixel) 
and 3.13 (121 J..Lm per pixel) show the summary graphs of these measurements, 
which represent a summary of thirty images thresholded in this manner. As 
(a) (b) (c) 
Figure 3. 7- The effect of film cassettes on blank films (no ceramic sample) using: (a) a cardboard film cassette, 
(b) a plastic film cassette and (c) no film cassette. In all cases Kodak DR film was used as the recording media. 
Scale markers indicate 1 mm. 
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Figure 3.8 - Comparison of digitized images of the bare films at 11 f.Lm per pixel, which are representative 
samples of the entire set. The films are: (a) DEF-5, (b) AA-1, (c) D-7, (d) M-5, (e) DR. Scale markers indicate 200 
f.Lm. 
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Figure 3.9 - Comparison of thresholded digitized images of the bare films at 11 Jlm per pixel, which are 
representative samples of the entire set. The films are: (a) DEF-5, (b) AA-1, (c) D-7, (d) M-5, (e) DR. Scale 
markers indicate 200 Jlm. 
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Figure 3.10- Comparison of five types of bare x-ray film at a field of view of 11 J.lm per pixel. 
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Figure 3.11 - Comparison of digitized images of the bare films at 121 f.!m per pixel, which are representative 
samples of the entire set. The films are: (a) DEF-5, (b) AA-1, (c) D-7, (d) M-5, (e) DR. Scale markers indicate 1 
mm. 
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Figure 3.12 - Comparison of thresholded digitized images of the bare films at 121 JJ.m per pixel, which are 
representative samples of the entire set. The films are: (a) DEF-5, (b) AA-1, (c) D-7, (d) M-5, (e) DR. Scale 
markers indicate 1 mm. 
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expected, the images at 11 J.Lm per pixel had a much coarser "mottling'' than the 
images taken at 121 J.lm per pixel. This was due to the integrating and 
smoothing effect that a wider field of view per pixel had. 
These results also indicated that the fine grained films (DR and M-5) had 
the smallest size and number of detectable mottling events, while medium 
grained films (AA-1 and D-7) had more of the medium sized mottles, and the 
coarse grained film (D EF -5) had the highest response of large mottles. Based on 
these results, we elected to use DR film for the remainder of the work, in order 
to reduce the convolution effects of fum mottle and tape microstructure, because 
although the M-5 fum appeared to have a "lower" number of mottles, the 
differences between the two films was insignificant and the DR fum had a 
smaller film grain size listed by the manufacturer. An additional result of this 
characterization was a confirmation of the ability of this technique to quantify 
features on the order of 10-20 J.Lm, as evidenced by the results of the fum study 
in Figure 3.9. 
3.3.4. Effects of Magnification Radiography 
A comparison between samples exposed at lX (no magnification) to 
samples exposed at lOX magnification was performed. This was undertaken to 
assess the effect that a lOX increase in the feature size on the film had on the 
ultimate resolution. This entailed a comparison between the unsharpness 
effects due to magnification versus the effects of film granularity. The 
comparison was made by digitizing the same region of the sample tape in both 
images at equivalent fields-of-view and analyzing them using standard digital 
imaging techniques. 
As expected, the effect of magnification on image quality showed that the 
ability to detect small pores (< 30 micron diameter) was found to be directly 
dependent on the magnification of the system setup. It was determined that in 
order to image pores of the same size as the X-ray spot size ( < 10 microns) it was 
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necessary to magnify the ceramic tape samples to at least lOX. Figure 3.14 
shows the effect on image quality of lX versus lOX for an image with a ceramic 
tape sample. 
3.3.5. Radiography of Ceramic Tape Samples 
The ceramic tapes were radiographed using the technique described 
previously, for each condition described in the experimental matrix in Table 3.1. 
Each tape was radiographed at lX and lOX magnification using x-ray generator 
settings of 30 kV and 255 f,IA. The film used was Kodak DR and exposure times 
ranged from 3 to 8 minutes, depending on the thickness of the sample being 
imaged and were set to achieve an optical film density of 3.0. 
3.4. X-Ray Film Digitization 
Once the exposed x-ray films had been developed, the next step involved 
digitization using a 14-bit integrating CCD camera, a lightbox, and 
micropositioners as shown in Figure 3.15. The room used for the digitization 
process was a darkroom specifically designed to keep any extraneous light from 
degrading the digitized image. Once a region of interest was obtained for 
digitizing, the film was imaged for a length of time that allowed us to obtain an 
average image greyscale value of 12000. Next, a background image was taken 
for the same amount of time. In this case, the shutter to the camera was not 
opened, so only the CCD thermal noise was present. Finally, we subtracted the 
background from the image and stored this new image. 
For this work, we concentrated on digitizing the images of the ceramic 
tapes at a magnification of 5 JJ.m per pixel. This meant that each image was a 
digitization of a 2.5 mm x 2.5 mm region of the ceramic tape. The size of the 
digitized image was selected based on the trade-off between the increase in 
Scale: 125 ~m 
Figure 3.14- Comparison of the same region of a ceramic tape imaged at a magnification of: (a) lX and (b) lOX. 
Notice that at the low magnification there is a high level of graininess in the image due to the convolving of the 
ceramic grains with the film grains. At the high magnification, the features in the ceramic tape are effectively 
10 times larger than before and have become visible. This image was taken from Sample C of the green, 200 ~m 
thick, A-16 powder tape. 
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Figure 3.15- Schematic diagram of the system used to digitize the x-ray film. 
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spatial resolution with a smaller pixel size and the increase in sampling 
frequency to obtain an adequate statistical sampling of the ceramic tape with a 
larger pixel size. 
Because the ceramic tapes were radiographed at a magnification of lOX, 
the size of features on the x-ray film were effectively 10 times larger than that of 
the sample itself. This meant that in order to digitize the sample at 5 J.Lm per 
pixel, it was necessary to set the digital camera's field-of-view at 50 J.Lm per 
pixel. 
3.4.1. 14-bit vs. 8-bit Imaging 
The CCD camera that was used in the digitization of the x-ray film was a 
512 x 512 pixel, 14-bit integrating system (CH250, Photometries Ltd., Arizona). 
There were several advantages to using this type of setup over a traditional8-bit 
system. First, the level of contrast was increased by several orders of 
magnitude. That is, the number of greyscale levels increased from 256 to over 
16000, as shown by an example (Figure 3.16) comparing the same line scan on 
an image for both contrast levels. Second, the system had a very low level of 
thermal background (e.g.- dark) noise because the CCD element was liquid 
cooled. The manufacturer claimed that the inherent noise in the system was 
below 0.3% of the signal. Finally, by selecting the range of greyscales that 
contained the image information, we were able to obtain a spatial map of that 
region with a high level of contrast difference for small differences in contrast on 
the radiograph. 
However, because the image processing packages and PC monitors we had 
available for this work only handled 8-bit greyscale data, it was necessary to 
convert out 14-bit images into 8-bit pgm or tiff images. This procedure caused 
data loss, but by carefully selecting the greyscale range which contained a 
majority of the information, we were able to retain most of the useful 
information from the original14-bit image. 
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It was found by examining the histograms of several images that 90% or 
more of the information in the radiographs was contained in regions between (1) 
the average greyscale value plus 2000 greyscales and (2) the average greyscale 
minus 2000 greyscales, as shown by an example in Figure 3.17. The data 
between these two regions was then linearly scaled to an 8-bit format. In the 
case of this work, we averaged every sixteen, 14-bit greyscales into a single 8-bit 
greyscale, with all14-bit data falling outside of the scaling range to be scaled as 
either a 0 or a 255 (white or black) greyscale respectively. Even though this 
produced a slight loss of ultimate resolution, we were able to take advantage of 
all greyscale values between 0 and 255, whereas if the digitization would have 
been done using an 8-bit system initially, only a small fraction of these 
greyscales would have been in the range that contained a majority of the 
information in the image. In order to improve the resolution of this technique in 
the future, we recommend using pore size analysis software which can analyze 
14-bit data. 
3.4.2. Pore Morphology Analysis 
Conventionally, information contained in radiographs is only analyzed 
with respect to features contained in the x-y plane (i.e.- in the plane of the 
radiograph). However, information contained in the z-direction, in the form of a 
quantitative change in the film density, can also be used to extract information 
about the size, shape, and morphology of a feature by examining various 
features of the line scanning profile, including: (i) curvature of the profile, (ii) 
roughness of the profile, (iii) the minimum greyscale, and (iv) the orientation of 
a pore in the x-y plane. This could possibly allow us to determine, for example, 
whether a pore is a perfect sphere (which would indicate a bubble) or if it is 
rough (which would indicate, for example, an interagglomerate pore). 
A set of pores was analyzed from one region of Sample A of the sintered 
200 J.lm thick A-16 powder tape, as shown in Figure 3.18. Magnifications and 
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Figure 3.17 - Example of (a) a typical 14-bit image and (b) its associated 
histogram. Shown on the histogram are the average greyscale and the 
minimum and maximum greyscales used to convert this image to 8-bit data. 
Image was taken from Sample A of the green, 1000 f..!m thick, A-16 powder tape. 
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Pore #1 Pore #2 Pore #3 Pore #4 
Figure 3.18- Region of A-16 powder, 200 J.Lm thick tape used to perform pore 
size and morphology analysis. The pores which were analyzed for this work are 
circled in white. Scale marker indicates 200 J.Lm. 
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line scans of two of the individual pores measured in the image are shown in 
Figure 3.19. Imaging of the top and bottom surfaces of the tape in the region 
shown in Figure 3.18 by optical microscopy indicated that none of the features 
analyzed were surface-breaking pores or pits. It was therefore inferred from 
their circular shape in the x-y plane and the smoothness of the line-scanning 
profiles in the z-plane in Figure 3.19, that they were entrapped bubbles. 
Figure 3.20 shows the results for the four pores measured in the image in 
Figure 3.18. The x- and y-dimensions (i.e. the diameter in Figure 3.20) of the 
pores are measured directly from the image in terms of the number of pixels 
across the pore (each pixel equals 5 J.lm). The depth of the pores (i.e. the z-
dimension) is measured in terms of the "greyscale depth" which is equivalently 
the difference in greyscale between two points: one at the center of the pore, and 
another representing the average of several points immediately surrounding the 
pore. This average was used to obtain the vertical error bar in the ''Tape 
Thickness" point in Figure 3.20. The horizontal error bar for this point was 
obtained by measuring the bulk tape thickness using a micrometer. 
We can see from these results that Pore 1 is the "deepest" and has the 
largest diameter, followed by Pores 4, 3, and 2 respectively. The point marked 
''Tape Thickness" gives an indication of the what the "grayscale depth" of a 
through-pore would be. For example, a pore with no greyscale difference 
between itself and the "Tape Thickness" value would indicate a pore which 
breaks the surface of the tape on both the top and bottom. 
The radiography profile of three smooth pores, which have the same 
diameter in the x- andy-direction, but different z-direction diameters is shown 
in Figure 3.21. Images in Figure 3.21(a) are simulated radiographs, obtained 
using an in-house x-ray radiographic simulation package (XRSIM, Center for 
NDE, Ames, lA). Schematic drawings in Figure 3.21(b) show a cross-section 
through the sample, and line scans are shown in Figure 3.21(c). Although the 
difference between these three pores would be difficult to interpret using 
13000 
12000 
11000 
10000 
C1l 
a; 9000 (J 
"' »C1l 
.... 8000 
c 
7000 
6000 
5000 
4000 
lO 0 
C'l 
Pore 1 
13000 
12500 
12000 
11500 
.a 11000 
(J 
~ 10500 
.... 
c 10000 
9500 
9000 
8500 
8000 
,,.., lO 
..-< 
I 
Pore 2 
lO 
co:> 
0 lO 
lO <D 
0 
co 
lO 
O'l 0 ..-< 
..-< 
L'",) 
C'l 
..-< 
0 
..,. 
..... 
lO 
lO 
..... 
Po s iti o n A lo n g Axi s ( micron s ) 
lO lO lO lO lO lO lO 
C'l co:> ..,. lO <D ~ co 
Position Along Axis (microns) 
g 
..... 
lO 
co 
..-< 
Figure 3.19- Magnification of pores 1 and 2 shown in image from Figure 3.18. In addition are line scans of 
these pores showing their characteristic shapes as a function of greyscale. 
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conventional radiographic inspection methods (inspectors are usually taught to 
look at the x-y dimension of flaws, not for relative differences in film density 
between two flaws of the same diameter), the difference is clearly seen in line 
scans across the simulated pores. This type of analysis shows that extracting 
depth and morphology information about the "real" pores in Figures 3.19 and 
3.20 is possible, but is beyond the scope of this research. 
3.5. Image Analysis 
3.5.1. Overview of Image Analysis 
Once the images were digitized and the region of interest was converted to 
an 8-bit format, it was necessary to perform a number of intermediate image 
processing steps to obtain useful data. Because the ceramic tapes contained 
thickness changes of several microns in the z-direction over the span of a few 
millimeters in the x-y direction, this resulted in the background greyscale 
varying from one region to another. This background trend was large enough to 
require its removal so that investigations of the smaller features in the images 
could take place by image analysis. Therefore, a polynomial fit of each row and 
column of data was performed on every image. One should note that the ability 
to detect these thickness trends of a few microns is an example of the sensitivity 
of this technique for thickness gauging of thin materials very accurately and 
nondestructively. 
Mter this background normalization was completed, the average 
greyscale of the image was obtained. Using this average value as a guide, the 
image was thresholded so that black regions represented areas where there was 
a loss of material (i.e.- a pore). The threshold value was kept at a constant value 
of the average greyscale plus thirty five for all data. This value was obtained by 
analyzing how different thresholds treated the data and selecting a threshold 
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which allowed most of the pores to be treated as isolated features. For this 
work, the threshold value was kept constant, due to the volume of image 
processing necessary for each new threshold. Using a software package (NIH 
Image, public domain software, National Institutes of Health), the clusters of 
black regions were counted. Each connecting region of black pixels was counted 
as a single feature. This information was stored and after all digitized images 
for a given sample were processed in the same manner, the pore size data for all 
of them was added together and comparisons were made between the different 
samples that were studied. 
3.5.2 Background Trend Removal 
The background trend removal was performed using an in-house image 
processing program (Happi Image Processing, CNDE, Iowa State University, 
Iowa). It allowed the user to select the polynomial order to fit the data to for 
either the rows or columns of pixels. For each row or column of pixels (typically 
512 pixels make up each row and column) the actual values were plotted and a 
polynomial was fit to that data. For the case of this work, all fits were based on 
a second-order polynomial, with coefficients varying for each row. Once the fit 
was obtained, any trend was removed by subtracting the actual values from the 
value of the fit at a given position and adding the average greyscale value for 
the row back to scale the data back to greyscale values between 0 and 255 
(Ulmer 1992). An example of this trend removal on one image is shown in 
Figure 3.22. The change of thickness seen in this line scan was estimated to be 
...... 10-15 Jlm, using the pore thickness estimation technique described previously. 
3.5.3. Pore Size Analysis 
The pore size analysis was performed using a standard pore size analysis 
software routine (Hall, Kruger et al. 1971) in NIH image. Once a threshold was 
selected, any pixels which were black were assumed to be pores. The routine 
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Figure 3.22- Image (a) shows one region of a ceramic tape prior to trend removal with (b) a line scan of one row. 
That same image is shown after trend removal (c) and the line scan of post trend removal is shown in (d). This 
image was taken from Sample C of the green, 200 J.tm thick, A-16 powder tape. 
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determined the size of the pore by scanning down the image until it reached a 
black pixel. At this point, it began to sum up all of the adjacent black pixels. No 
pixels in a diagonal direction were counted. Figure 3.23 illustrates three 
different pixel groupings and the size of the "pores" the program would calculate 
for them. 
3.5.3. Explanation of Plotting Method 
Since the method of plotting the pore size distribution is not a common 
method used by the ceramics community, some additional explanation is 
necessary to describe the information that is contained in the graphs in the 
following section. Mter the pores are all counted, they are combined with the 
pore size data from all of the other images for a given sample. Typically there 
were thirty 512 x 512 pixel images obtained for each sample. This data was 
sorted into a list of "pore" size as a function of the frequency. At this point, the 
units of size were still in terms of the number of pixels. The next step was to 
convert the number of pixels into an equivalent circular diameter as shown in 
Equation 3.2. 
(3.2) 
where J is the equivalent circular diameter expressed in terms of the number of 
microns per pixel, h is the number of pixels, and n is the pixel length (5 J.lm per 
pixel was used throughout this work). A range of equivalent circular diameter 
sizes were grouped into bins with 5 micron increments to increase the statistical 
reliability of the measurements. The data was plotted as a function of bin range 
as a function of the frequency. An example of an image, its thresholded image, 
and the associated pore size distribution is shown in Figure 3.24. 
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(a) 
(b) 
(c) 
Figure 3.23 - Diagram depicting three different pixel arrangements which form 
"pores" of size: (a) 5 and 2, (b) 1, 2, and 5, and (c) 3, 1, and 4. 
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Figure 3.24- Sample of a pore size analysis on one image (1000 ~-tm thick, T-64 powder, sintered tape). Shown 
in (a) is the digitized radiograph, (b) is the thresholded image, and (c) is the pore size distribution. 
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4. RESULTS AND DISCUSSION 
4.1. Overview of Results 
With an experimental procedure firmly established, we were able to set 
up an experimental matrix (see Table 3.1) to evaluate a series of ceramic tapes. 
The variables adjusted in this study were particle size, tape thickness, and 
firing condition. We present the results of this work from two perspectives: (i) as 
a function of particle size, and (ii) as a function of tape thickness. 
In Section 4.2 we analyze the experimental matrix as a function of 
particle size. This data is presented using a combination of: (i) radiography and 
microscopy (optical and SEM) which is characteristic of the whole data set, and 
(ii) graphs showing the pore size as a function of frequency for a given process 
change. 
Section 4.2.1 consists of the data from the A-16 powder (0.4 Jlm average 
diameter) tapes. We first present the data from the 200 Jlm thick A-16 powder 
tape, comparing the green and sintered conditions. Next, we present the data 
from the 1000 Jlm thick A-16 powder tape, comparing the green and sintered 
conditions. Third, we analyze the results of SEM. Finally, we compare the 
results of the 200 Jlm thick tape to the 1000 Jlm thick tape. 
Section 4.2.2 consists of the data from the T -64 powder (25 Jlm average 
diameter) tapes. We first present the data from the 200 Jlm thick T-64 powder 
tape, comparing the green and sintered conditions. Next, we present the data 
from the 1000 Jlm thick T-64 powder tape, comparing the green and sintered 
conditions. We then present results of SEM, followed by a comparison between 
the 200 Jlm thick and 1000 JJ.m thick tapes. Finally, using quantitative 
radiography data in the z-direction (i.e.- changes in film density), we present an 
analysis of pore morphology for the thick T -64 tape and compare these results to 
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SEMdata. 
Section 4.2.3 shows data from the green 800 Jlm thick P-10 powder (0.1 
J.Lm average diameter) tapes. We present the results of radiography and a pore 
size distribution analysis. 
In Section 4.3, we analyze the experimental matrix as a function of tape 
thickness. In this section we draw comparisons between the pore s1ze 
distribution results of the different particle size tapes at each thickness. We 
first compare the 1000 Jlm thick A-16 tape to the 1000 Jlm thick T -64 tape and 
the 800 Jlm P-10 tape. We next compare the pore size distribution results for the 
200 Jlm thick A-16 tape to the 200 Jlm thick T-64 tape. Finally, we show a pore 
size distribution containing all of data previously presented and draw some 
general conclusions. 
4.2. Analysis of Ceramic Tape Microstructures 
4.2.1. A-16 Powder Tapes 
4.2.1.1. 200 um Thick Tapes 
Radiography of the 200 Jlm thick tape samples of the A-16 powder showed 
that there was a wide disparity in the number of detectable large isolated pores 
(i.e.- larger than --60 J.Lm) in the three samples which were imaged. Figure 4.1 
shows three sets of representative microstructures at three different "X" 
positions along the tape (see Figure 3.2). 
Inspection by optical microscopy showed that a majority of the detectable 
large pores in the tapes shown in Figure 4.1 were only present on the bottom 
surface of each tape. Optical microscopy of sample C showed the most surface 
pitting, with less in sample B, and almost none in sample A. This led us to 
believe that these surface pits were due to the Mylar substrate having debris on 
Green Samples: A B c 
1550°C Samples 
Figure 4.1 -Representative radiographs of the A-16 powder, 200 j...lm thick tape. The top images are of the green 
tapes and the bottom images are of the 1550°C tapes for the same region. Notice the change in porosity from 
sample A to sample C, resulting from an increase in surface defects. Scale marker indicates 200 j...lm. 
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it in the region of the greater porosity samples. Figure 4.2 shows the top and 
bottom surfaces of a 200 J.lm thick tape from sample B imaged by optical 
microscopy compared with the digitized radiographic image of the same region. 
Note that the smaller features on the bottom surface of the microscopy image are 
approximately 3-5 JJ.m deep and are also visible on the radiograph, indicating a 
contrast sensitivity of better than 2%. We also note that some of the large pores 
visible in the radiograph are not visible in the optical micrographs, indicating 
that they are sub-surface. These results indicate an ability to track and identify 
critically sized defects which are not visible through the use of traditional 
surface inspection techniques. 
Figure 4.1 also shows a comparison between radiographs of the green and 
1550°C conditions for each of the samples shown. Notice that the 1550°C 
images are smaller, due to shrinkage during sintering. However, also note that 
a majority of the same pores are visible in both the green and sintered states, for 
a given sample. These results indicate the ability to track individual pores 
throughout the sintering process. 
Ten images from each sample were radiographed, digitized, image 
processed, thresholded, and the pore size distribution was obtained (thirty 
images total). An example of that process is shown in Figure 4.3 for one image 
of Sample A in the green state. The tapes were subsequently fired and these 
same thirty regions were again radiographed, digitized, and pore size 
distributions were obtained. The results of the pore size analysis for the green 
versus the sintered tapes is shown in Figure 4.4, along with a baseline curve 
obtained using bare DR film and the same digital processing conditions. There 
are two major results we obtained from this data. First, the contribution of the 
film is minimal, even at small pore sizes (i.e.- 10-14 J.lm). Second, the two curves 
cross at 30 JJ.m, indicating that in the sintered tape, there are relatively more of 
the larger pores. It is possible that this increase is due to the growth of ''larger 
than critically-sized pores" according to sintering theory (Lange 1984, Kingery 
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Top Surface (optical) 
Radiograph 
Figure 4.2 - Comparison between optical microscopy of the top surface and the 
bottom surface of one region of the sintered A-16 powder, 200 J.lm thick tape 
from Sample B and radiography of the same region. Note that the large pores 
visible in the radiograph are not visible in the optical micrographs. Scale 
markers indicate 200 J.lm. 
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Figure 4.3 - Schematic diagram showing the process of transforming a radiograph of a ceramic tape into a pore 
size distribution. The image is shown: (a) as digitized, (b) after trend removal, and (c) thresholded. The pore 
size distribution for this image is given in (d). This sample came from the 200 f.!m thick, A-16 powder, sample A 
tape in the green state. 
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Figure 4.4 - Pore size distribution for the 200 11m thick A-16 powder tape. Data from samples A, B, and C is 
averaged together. Graphs of green and sintered pore distributions are shown along with an x-ray film baseline 
curve. 
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1976). 
In order to further elucidate the difference between the green and 
sintered results, we also present the data using a linear scale in Figure 4.5. 
From this graph, the difference between the number of pores in a given size 
range becomes more clear. For example, at 15-19 J.lm there are- 2800 "green" 
pores versus- 1800 "sintered" pores. 
Since the results of the three samples A, B, and C are averaged together 
to form the graphs ·in Figures 4.4 and 4.5, we also present data comparing the 
results of the three samples separately in Figure 4.6 for the green tapes. This 
comparison shows graphically the increase in the number of larger sized pores 
in sample C over sample A This type of analysis indicates clearly the validity of 
this technique for analyzing the changes in tape microstructure as a function of 
time. 
4.2.1.2. 1000 IJ.m Thick Tapes 
Radiography and image analysis of the 1000 J.lm thick A-16 powder tape 
samples showed that there was very little difference between the three samples 
imaged, as shown by selected representative radiographic images in Figure 4. 7. 
This indicates that there were no time dependent processing changes which 
occurred during the casting of this tape. Figure 4.7 also shows a comparison 
between the green and sintered condition for each of the images used. This 
again indicates the ability of this technique to track individual features from the 
green state to a fully sintered state. 
Radiography, digitization, and thresholds were performed on ten regions 
of each sample (thirty images total) and the data was combined into a pore size 
distribution graph. The tapes were then sintered to 1550°C and the same 
procedure was followed. A pore size distribution comparison between the green 
and sintered 1000 J.lm thick tapes is shown in Figure 4.8, again compared to the 
baseline of a bare DR film. These results indicate that the number of detectable 
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Figure 4.5- Pore size distribution for the 200 f.lm thick A-16 powder tape. Data from samples A, B, and C is 
averaged together. Frequency is plotted on a linear scale to indicate the large differences between pore 
frequency in the green and sintered tapes at the smaller pore sizes. 
00 
~ 
1000 
900 
800 
700 
:>, 600 -
C) 
,:::::: 
(1) 
;::I 
0' 
~ 
500 
400 
300 
200 
100 
0 
.q< 
~ 
0 
~ 
0 
~ 
O':l 
~ 
0 
~ 
10 
~ 
.q< O':l "<j4 O':l 
C';j C';j C'l:) C'l:) 
0 0 0 0 
~ ~ ~ ~ 
0 10 0 10 
C';j C';j C'l:) C'l:) 
-+- Sample A 
- sampleB 
-.- sample C 
.q< O':l .q< O':l .q< O':l .q< O':l .q< O':l .q< O':l .q< O':l O':l 
.q< .q< 10 10 ~ ~ t- t- <Xl 00 O':l O':l 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 ~ ~ ~ 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 0 A 
0 10 0 10 0 10 0 10 0 10 0 10 ~ ~ 
.q< .q< 10 10 ~ ~ t- t- 00 00 O':l O':l 0 10 
0 0 
~ ~ 
Equivalent Pore Diameter (microns) 
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Figure 4. 7 - Representative radiographs of the A-16 powder, 1000 Jlm thick tape. The top images are of the 
green tapes and the bottom images are of the 1550°C tapes for the same region. Scale markers indicate 200 Jlm. 
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pores in the sintered tapes is nearly always greater than that of the green tape. 
This is in contrast to the results for the 200 J.lm thick A-16 powder tape (Figure 
4.4), where the two curves crossed. In addition, the total number of detectable 
pores in both cases shown in Figure 4.8 is much closer to the film baseline than 
for the 200 J.lm thick tape samples in Figure 4.4. This is most likely attributed to 
a reduction in surface pitting, as evidenced by optical microscopy. 
Examination of the top and bottom surfaces of these samples by optical 
microscopy, as shown by a representative sample in Figure 4.9, resulted in the 
detection few surface features larger than 1 J.lm. In addition, the overall surface 
roughness was on the same size scale (e.g.- 1-5 J.lm variations). These results 
indicated that in addition to a very homogenous interior, as measured by 
radiography, the surfaces of the tape also lacked detectable features. This was 
also confirmed by the fact that the optical micrographs of the surface of the thick 
tape showed that it is flat to within a few microns, but the radiograph of the 
same region shows a much higher density of internal porosity. 
4.2.1.3. SEM of A-16 Powder Tapes 
SEM examination of partially sintered (1100°C) and fully sintered 
(1550°C) cross-sections of the 1000 J.lm thick and 200 J.lm thick A-16 powder 
tapes was performed in order to corroborate the results of the radiography. This 
technique turned out to have several limitations, as described below. 
First, the total volume of the tape imaged by SEM was only a small 
fraction of that imaged by radiography and image analysis. This limited our 
ability to image representative microstructures using SEM. For example, the 
images examined by SEM did not show the larger size of pores observed in the 
radiographs of the fully sintered tapes, indicating that the sampling frequency 
was too low. It was beyond the scope of this work, as well as the time and cost 
constraints, to effectively sample the tape at a spatial frequency which would be 
equivalent to the radiography. Second, we were suspicious of some of the 
Top Surface Optical Micrograph Radiograph Bottom Surface Optical Micrograph 
Figure 4.9- Comparison between optical microscopy of the top surface and the bottom surface of one region of 
the A-16 powder, 1000 J..lm thick sintered tape from sample Band radiography of the same region. Note that the 
large pore visible in the radiograph (circled) is not visible in the optical micrographs. Scale markers indicate 200 
J..lm. 
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porosity observed in the partially sintered specimens by SEM, and have 
speculated that these were caused, in part, by pull-out during the polishing 
process. 
These two cases indicate some of the limitations of SEM for examining 
large areas of green ceramic compacts. It also shows why the radiographic 
technique developed in this thesis could become quite valuable for examining 
green ceramic compacts for pores larger than 1-5 J.lm in diameter. 
4.2.1.4 Comparisons of 1000 ym Thick and 200 ym Tapes 
A decrease in the number of pores detected in the 1000 J.lm thick A-16 
powder tape from the 200 J.lm thick tape, as shown in Figure 4.10, was an 
unexpected result of this study. It should be noted that this behavior does not 
result from a decrease in the ability to detect a given sized pore or pit. We have 
observed pores which were ,..,.10 J.lm in diameter in both the 1000 J.lm thick tape 
and the 200 J.lm thick tape. In addition, the bulk densities of the 200 J.lm thick 
and 1000 J.lm thick tapes were the same. This indicated that there was some 
effect which was not accounted for causing the difference in pore size 
distributions between the two tape samples. We believe that the effect of 
surface pitting does not entirely explain the disparity of pore sizes between the 
two thickness' of tapes. When we compare the pore size distribution results 
from Sample A of the 200 J.lm thick tape with the pore size distribution of the 
1000 J.lm thick tape, as shown in Figure 4.11, we observe that the 200 J.lm thick 
tape still has more observable pores than the 1000 J.lm thick tape samples. The 
disparity can also be seen when we compare the lower left hand image of Figure 
4.1 (sintered 200 J.Lm thick tape with no surface pitting) with the bottom row of 
Figure 4. 7 (sintered 1000 J.lm thick tape). 
Finally, there was no crossover observed m the 1000 J.lm thick tape 
between the green and sintered pore size distributions as there was in the 200 
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Figure 4.10- Pore size distribution for the 1000 J..lm thick A-16 powder tape compared to the 200 J..lm thick A-16 
powder tape. Graphs of green and sintered pore distributions are shown, a long with an x-ray film baseline 
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J.Lm thick tapes. The exact reason for this behavior is not well understood. 
4.2.2. T-64 Powder Tapes 
4.2.2.1. 200 ym Thick Tapes 
As shown in Figure 4.12, radiography of the 200 J.Lm thick tape samples of 
the T -64 powder showed significant mottling. This mottling pattern was caused 
by two major factors. First, the mean ratio of the size of the particles to the tape 
thickness was ..... 1:8, which indicated that there were too few layers of packed 
powder in the tape to average out the background packing structure (see Section 
2.5.4). Second, there was some evidence of hierarchical porosity in the tapes, 
produced by the packing of particles and particle agglomerates (see Section 2.3) 
which radiography now had the resolution to image. For example, a first 
generation pore in an A-16 powder is only ..... 0.1 J.Lm in diameter (an order of 
magnitude smaller than the pixel size), but in a T-64 powder can be ..... 10 J.Lm (the 
size of two pixels). In addition to the mottling structure, the radiography also 
showed that there was good uniformity between all of the samples as shown in 
Figure 4.12. 
Figure 4.12 also shows a comparison between the same regions of the tape 
in both the green and 1550°C conditions. Notice that many of the same pores 
were visible in both the green and sintered states for each of the samples. This 
indicated the ability to track individual pores throughout the sintering process 
to evaluate how this process affected their morphology, size, etc. 
Radiography, digitization, and thresholding were performed on ten 
regions of each sample (thirty images total) and the data was reduced into a 
pore size distribution graph. The tapes were then sintered to 1550°C and the 
same procedure was followed. A pore size distribution comparison between the 
green and sintered microstructures is shown in Figure 4.13, again compared 
with a baseline of bare DR film. The two major results from this graph 
indicated: (i) there was a much larger number of detectable pores in every size 
Green Samples A B c 
1550°C Samples 
Figure 4.12- Representative radiographs of the T-64 powder, 200 J.!m thick tape. The top images are of green 
tapes and the bottom images are 1550°C images of the same region. Scale markers indicate 200 J.!m. 
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range for both sintered and green data than there was for the bare film (an 
order of magnitude or more in most cases), and (ii) the curves of the green and 
sintered data crossed at -40-44 J.lm, indicating that in the sintered tape, there 
were relatively more of the large pores. We recall that a similar "crossover'' 
behavior was observed in Figure 4.4 for the 200 J.lm thick A-16 powder tape at 
-30-34 J.lm. An analysis of the pore size distribution curves for Samples A, B, 
and C individually did not show a significant difference in the number of pores 
of a given size or any major differences in the position of the crossing point for 
the green and sintered tapes. 
Optical microscopy was performed on the top and bottom surfaces of the 
sample tapes to gauge the surface roughness. Figure 4.14 shows a set of optical 
micrograph images of the top and bottom of one region on the tape compared 
with the radiograph of the same region. Based on these data, it was difficult to 
correlate the black regions seen in the radiograph with specific features in the 
micrographs. Therefore, it is possible for these features to correspond to 
subsurface porosity. 
4.2.2.2. 1000 f.J.m Thick Tapes 
Radiography of the 1000 J.lm thick tapes of the T-64 powder showed 
significant changes in the morphology of the pores detected from those in the 
200 J.lm thick tapes of the same powder. By comparing the radiographs in 
Figures 4.12 and 4.15, it was evident that pores in the 1000 J.lm thick tape had a 
more elongated, rather than a circular shape. This pattern was present in 
samples A, B, and C indicating that this was not a time dependent or location-
specific microstructural feature. In addition, we observed that there was no 
preferential direction to these pores, indicating that they were most likely not 
due to casting effects. Figure 4.15 also shows the difference between the green 
and sintered conditions for each of the samples. Notice that the same pores are 
apparent in both images. 
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Radiograph Bottom Surface Optical Micrograph 
Figure 4.14- Comparison between optical microscopy of the top surface and the bottom surface of one region of 
the T-64 powder, 200 J..Lm thick tape (sintered to 1550 °C) from sample B and radiography of the same region. 
Note the large particle on the top surface micrograph, a defect that appears as a white spot on the radiograph. 
Scale marker indicates 200 J..Lm. 
co 
-.J 
Green Samples A B c 
1550°C Samples 
Figure 4.15 -Representative radiographs of the T-64 powder, 1000 J..lm thick tape. The top images are of the 
green tapes and the bottom images are 1550°C images of the same region. Scale markers indicate 200 J..lm. 
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Ten images from each sample (thirty total) were radiographed, digitized, 
and thresholded. The data was combined into a pore size distribution graph. 
The tapes were then sintered to 1550°C and were analyzed in the same manner. 
A comparison between the green and sintered pore size distributions is given in 
Figure 4.16, again compared to the same bare DR film baseline. This graph 
indicated that even in the thick tape for this particle size, there were a 
substantial number of pores at each size range, as opposed to the results for the 
1000 Jlm thick A-16 powder tape data (Figure 4.8). In addition, the number of 
pores in the sintered tape was larger than the number of pores in the green state 
for all detectable pore sizes. This is shown more clearly in Figure 4.17, where a 
linear scale is used to present the data. We recall that no "crossover'' behavior 
observed in the 1000 Jlm thick A-16 powder tape, as shown in Figure 4.8, but 
there was "crossover" behavior was exhibited in the 200 Jlm thick T-64 powder 
tapes (Figure 4.13). In addition, a comparison between the pore size 
distributions of Samples A, B, and C indicated that there was no significant 
variation in either the number of pores of a given size for both the green and 
sintered cases, and the crossover point stayed the same for all three samples. 
4.2.2.3. SEM of 1000 blm Thick and 200 blm Thick Tapes 
Cut and polished cross-sections of the T -64 powder tapes were examined 
by SEM in partially sintered (1100°C) and fully sintered (1550°C) conditions, in 
order to corroborate the results of radiography. Again, there was some question 
about the validity of this method for analyzing the partially sintered sample, 
due to the possibility of particle pull-out. In addition, because the SEM samples 
only convey information about a very small region of one sample, as opposed to 
the radiography which can examine a large area on several samples, it was not 
clear how representative the SEM results were. However, SEM did seem to 
reveal the presence of pore "stacking'' (see Section 2.5.4) in the thick tape. This 
effect can be clearly seen in Figure 4.18, which shows a number of large pores in 
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Figure 4.16 Pore size distribution for the 1000 Jlm thick T-64 powder tape. Data from samples A, B, and C is 
averaged together. Graphs of green and sintered pore distributions are shown, along with an x-ray film baseline 
curve. 
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Figure 4.17- Pore size distribution for the 1000 Jlffi thick T-64 powder tape expanded from Figure 4.15 to show 
that the green and sintered data do not have a crossing point. 
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Figure 4.18 - SEM micrographs of the sintered T-64 powder, 1000 !lm thick 
tape (top) and the 200 !lm thick tape (bottom). The bulk density of these tapes is 
~76%. Notice the large number of pores which overlap in the z-direction in the 
1000 !lm thick tape. This indicates that radiography would detect these pores as 
a single, elongated pore. Scale marker indicates 100 jlm. 
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a 1000 J.lm thick sintered tape "stacked" above one another, while a cross-section 
of the 200 J.lm thick tape does not exhibit this "pore stacking" behavior. These 
pores are not believed to be due to particle pull-out since they are so large and 
they occur in the sintered tape. 
4.2.2.4. Comparisons between 1000 J..lm Thick and 200 J..lm Thick Tapes 
We were able to make several remarks regarding the comparison between 
the 200 J.lm thick and the 1000 J.lm thick T-64 powder tapes. We first compare 
the two tapes in the green state, as shown in Figure 4.19. The results of this 
comparison indicate that a "crossing-point" exists at ...... 60-64 J.lm, where there are 
more of the pores smaller than this size range in the 200 J.lm thick tape and 
more pores larger than this size range in the 1000 J.lm thick tape. When we 
compare the sintered 200 J.lm thick tape to the sintered 1000 J.lm thick tape, as 
shown in Figure 4.20, we notice that the "crossing-point'' of the two distributions 
shifts to ...... 75-80 J.lm. This indicates that there are more of the pores smaller than 
this size range in the 200 J.lm thick tape and more pores larger than this size 
range in the 1000 J.lm thick tape. When we compare all four curves on a single 
graph, as shown in Figure 4.21, we can see that the slopes of the 200 J.lm thick 
tapes is steeper than that of the 1000 J.lm thick tapes. 
Because of the dramatic change in pore morphology between the 200 J.lm 
thick and 1000 J.lm thick tapes (circular versus elongated), we speculated that 
there were enough overlapping medium sized pores (20 to 60 J.lm diameter) 
present in the thick tape to create the appearance of one larger elongated pore. 
This occurred because radiography is essentially an integration technique. It 
measures a change in material thickness or density, but does not take into 
account where in the thickness of the sample this density change occurs. 
Therefore, several pores stacked on top of each other and slightly misaligned, 
would give the appearance of one larger pore. This large "pore" would then be 
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Figure 4.19 - Pore size distributions of the green 200 J..l.ffi thick T-64 powder tape and the green 1000 J..l.ffi thick T-
64 powder tape are compared. Notice the "cross-over" point, which occurs at ~60-64 J.lm. 
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Figure 4.20 - Pore size distributions of the sintered 200 J.liD thick T-64 powder tape and the sintered 1000 J.liD 
thick T-64 powder tape are compared. Notice the "cross-over" point, which occurs at ~75-80 J.liD. 
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counted as a single pore, rather than as a number of smaller, isolated pores (see 
Section 2.5.4 for a detailed explanation of "pore stacking''). 
4.2.2.5. Quantitative Analysis of Elongated Porosity 
By analyzing the images of the 1000 Jlm thick T -64 powder tapes using 
the quantitative pore morphology analysis technique described in Section 3.4.2, 
we were able to correlate the results of SEM with radiography to analyze the 
elongated porosity observed in these tapes in the radiographs. Figure 4.22 
shows one region of the radiographed image, along with a line scan of the same 
region. The line scan shows that there appears to be some pore overlap, 
characterized by the multiple ''humps" in the greyscale intensity as a function of 
position along the pore. 
4.2.3. P-10 Powder Tapes 
The Premalox 10 powder tape was supplied by a commercial tape casting 
vendor in the green state. Representative radiographic images of this tapes are 
shown in Figure 4.23 for the green samples. The radiographs indicate that the 
tapes were uniform from sample to sample. 
Ten images from each of the samples (thirty images total) were digitized, 
thresholded, and a pore size distribution was created. This pore size 
distribution, shown in Figure 4.24 along with a baseline of bare DR film, 
indicates that there were very few pores in this tape, other than the occasional 
large (80-100 J.Lm) void. These tapes were not examined in the fired condition. 
Examination of the pore size distribution curves of Samples A, B, and C 
individually did not show significant changes in the number of pores of a given 
size. 
Optical microscopy of the surface of these samples showed that the 
surface roughness was less than a few microns. This indicated that any 
detectable porosity larger than -10-14 Jlm was due to sub-surface defects. The 
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Figure 4.22 - Image (a) shows one region of the green 1000 J.lm thick T-64 tape (sintered to 1550 °C) from 
Sample B. Note the elongated pores in this image. The region which was analyzed was boxed and (b) a line scan 
of one of these elongated pores is shown. Notice the ''humps" in the greyscale intensity, indicating overlapping of 
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Figure 4.23 -Representative radiographs of the P-10 powder, 800 Jlm thick tape. The images are all of the 
green tape. Scale marker indicates 200 Jlm. 
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Figure 4.24 - Pore size distribution for the green, 800 f.!m thick P-10 powder tape. Data from samples A, B, and 
C is averaged together. A baseline curve of bare DR film is also included. 
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inability of the optical microscopy (i.e.- traditional inspection technique) to 
detect the occasional large pore observed in the radiographs is an indication of 
its limitations for use as a reliable characterization method. 
4.3. Comparison of Ceramic Tape Microstructures 
4.3.1. Comparison of Thick Tapes 
The pore size distributions of the 1000 J.lm thick A-16, 1000 J.lm thick T -64, 
and 800 J.lm thick P-10 tapes were compared in the green state, as shown in 
Figure 4.25. The pore size distributions of the 1000 J.lm thick A-16 and 1000 J.lm 
thick T -64 powder tapes were compared in the sintered state, as shown in Figure 
4.26. The graphs were both compared to the baseline of a bare DR film. 
These results indicate that particle size has a large effect in determining 
the microstructural homogeneity of the tapes examined, in the observed size 
ranges. This is because the ratio of particle size to tape thickness is almost two 
orders of magnitude larger in the T-64 tape than in either the A-16 or P-10 
tapes. In addition, the pores in the T -64 tape are larger than in either of the 
other tapes. Therefore, even though the A-16 or P-10 tapes may have more sub-
micron porosity than the T-64 tape, our technique cannot detect this, so it is not 
counted. 
One discrepancy in this argument that was observed was that the green 
800 J.lm thick P-10 tape had more observable porosity than the green 1000 J.lm 
thick A-16 tape. Because the surface roughness was observed to be almost the 
same in both tapes by optical microscopy and both tapes were uniform from 
sample to sample, we believe that the increase in porosity is due either: (i) a 
higher level of particle agglomeration in the P-10 tape, or (ii) more entrapped 
bubbles in the P-10 tape due to some processing or chemistry effect. Since we 
obtained the P-10 tape commercially, we do not have a good understanding of 
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Figure 4.25- Pore size distribution comparison of the unflred thick tapes. These include the 1000 f.lm thick T-
64, 1000 f.lm thick A-16, and 800 f.lm thick P-10 powder tapes. A baseline of bare DR x-ray film is also shown. 
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Figure 4.26- Pore size distribution comparison for the sintered thick tapes. These include the 1000 J..Lm thick T-
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114 
why either of these effects would occur. However, this again shows the utility of 
this technique as a process control tool. 
4.3.2. Comparison of 200 um Thick Tapes 
The pore size distributions were compared for the two 200 JJm thick tapes 
used in this study, the A-16 and T-64 powder tapes. The graph comparing the 
two distributions in the green state is shown in Figure 4.27 and the graph 
comparing the two distributions after sintering at 1550°C is given in Figure 
4.28. These results, as in the case of the thick tapes, suggest that the particle 
size of the ceramic powder plays a major role in the number of observable pores 
produced in a tape with a given thickness. The curves of the two tapes are 
closer together in these graphs than in the graphs of the thick tapes due to the 
increase of porosity in the 200 JJm thick A-16 tape because of the surface pitting, 
as we recall from Section 4.2.1. 
4.3.3. Summary of Pore Size Analysis 
The graph in Figure 4.29 summarizes the pore size distributions of the 
various ceramic tapes mentioned in the previous sections. In addition to the 5 
types of tapes, we have also plotted the effect of two bare films at this imaging 
size. The DR film is the film which was used for radiography of the tapes in this 
study. We have also included a large grained DEF-5 film to show that the grain 
sizes of the films themselves can be used to establish some measure of the 
accuracy of the ceramic tape pore sizes. Note that both films are still orders of 
magnitude below most of the curves on the graph. 
The graph clearly shows that both the 1000 JJm thick and 200 JJm thick T-
64 powder tapes have more detectable pores than either the A-16 or P-10 tapes. 
The number of pores in the A-16 tapes is also affected by the thickness of the 
tape. The 200 JJm A-16 thick tape shows a large number of pores due to defects 
induced by poor processing, while the 1000 JJm thick A-16 tape has a much lower 
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Figure 4.27- Pore size distribution for the green thin tapes. These include the 200 J.lm thick T-64 and 200 J.lffi 
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Figure 4.28 - Pore size distribution comparison of the thin tapes after sintering. These include the 200 J..lm thick 
T-64 and 200 J..lm thick A-16 powder tapes. A baseline curve of bare DR fum is also shown. 
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Figure 4.29- Pore size distributions for all nine conditions examined in the experimental matrix of this thesis. 
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number of these large detectable pores. We believe that by improving the 
processing of the 200 JJm thick A-16 tape in the future through more careful 
preparation methods, the number of large pores will be reduced to a level near 
that of the 1000 JJm thick A-16 tape, which is considered to be a good tape. The 
P-10 tape shows very little porosity at all, indicating that it is also a high quality 
tape. 
In addition to the results comparing the various tapes, we should also 
note that when comparing the green tapes to the 1550°C tapes, there are some 
interesting trends. First, for both the T-64 and the A-16 1000 JJm thick tapes, 
the graph indicates that the number of pores we are imaging in the 1550°C 
condition is always greater than in the green condition, i.e. the curves never 
cross. However, for the 200 JJm thick tapes of both the T-64 and A-16 particle 
sizes, we notice that there is a distinct point where the number of large pores in 
the sintered tape exceeds that of the green tape. Note again that the regions 
imaged to produce the results for each green and 1550°C are identical. This 
means that there is an effect due to thickness which we have not yet isolated. 
We are able to claim that we were not observing the pore stability line for 
these powders, since we should have observed the crossing phenomenon in both 
thick and thin tapes if that were the cause. One speculation we did have was 
that the crossing point was an effect caused by some type of ordering of powders 
by the doctor blade in the thinner tapes, although this seems to be unlikely due 
to the fact that the powder sizes have a diameter difference of almost two orders 
of magnitude and different morphologies. Therefore, we are left with the need to 
investigate this effect further. Possibly by investigating a number of 
intermediate sized powders at several intermediate doctor blade height settings 
and sintering temperatures, we would be able to determine if this "crossover" 
effect was indeed processing induced or if it is an artifact of the radiography 
process. 
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5. CONCLUSIONS 
Using recent advances in microfocus x-ray radiography and image 
processing, a prototype method for performing process development and 
monitoring of ceramic tapes was demonstrated. We were able to detect several 
features including: (i) gradual thickness changes (10-50 J.Lm) in the ceramic 
tapes, while digitally imaging a large area (3-5 cm2), (ii) showed the ability to 
image pores as small as 10 J.Lm in diameter in tapes as thick as 1000 J.Lm, (iii) 
obtained a contrast sensitivity level of ..... 1 %, and (iv) showed that the technique 
could generate results quickly, making it amenable to automation. 
We have shown that this technique can act as both a supplement to and a 
replacement for several of the traditional characterization methods. It is an 
improvement over several techniques including: (i) SEM because it is not 
destructive and has a larger inspection area, (ii) mercury porosimetry because it 
is not invasive, (iii) Archimedes bulk density because it is not bulk averaged, 
and (iv) surface microscopy because it can detect interior features of 
microstructures. In addition to traditional laboratory techniques, it is an 
improvement over current on-line inspection techniques such as visual 
inspection and single-point x-ray thickness gauging. 
In the development of the technique, we noted a number of significant 
results. First, the effects of a lOX sample magnification with a microfocus 
source vastly improved the ability to image microstructure variabilities as small 
as 10 J.Lm. Although this work was performed almost exclusively at lOX 
magnification, it could be beneficial to image ceramic tape samples at even 
higher magnifications to glean information about pores and other features in the 
size range of 1 J.Lm. Due to the lack of time, no experiments were performed to 
determine the ultimate limit of geometric magnification possible, although it 
seems quite reasonable to perform at least 50X magnifications. 
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Second, contrast sensitivity improvements of better than 1% were 
achieved using radiography at low kilovoltages of approximately 30 kV. It is 
possible that even better contrast sensitivity levels would be obtained by going 
to lower kilovoltages. 
Third, a rigorous procedure to detect changes in mottle response of x-ray 
films as a function of the film speed was developed. This procedure was 
developed to confirm that we were indeed imaging real features in the ceramic 
tapes, rather than film artifacts. 
Fourth, the ability to detect patterns in the x-ray film cassettes, such as 
paper fiber orientation and other heterogeneities in the film cassette, allude to 
the utility of this technique in fields other than ceramic processing. 
This system should prove extremely valuable in the future in analyzing 
the effects that other changes in processing have on the observable pore 
structure. This includes changes in slurry chemistry, doctor-blade settings, 
slurry viscosity, and others. In addition, the study of second phase materials, 
such as fibers or platelets may be beneficial to understanding how the doctor 
blade orders particles near the surface. 
Other applications of this technique are not limited to the study of 
ceramic tapes. As a process control tool, this technique could be applied to the 
analysis of several thin materials including sheet metal, paper, or plastic. It 
could be automated by consolidating the software into a single package, 
automatically scanning and digitizing the film, or using a real-time detector 
system to bypass the need for film. 
By sacrificing some contrast sensitivity and spatial resolution, the 
technique could be automated for real-time or near real-time process monitoring. 
Additionally, by analyzing more information about the morphology of the pores, 
such as obtaining the fractal dimension or orientation, additional information 
about the effects of process changes could be made. Lastly, the prototype system 
showed promise for scale-up to perform real-time or near real-time imaging. 
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